condensation of mesenchymal cells around ureteric Background. Cytokines regulate many processes in the bud tips. These condensates form primitive vesicles immune system and have recently been implicated and then comma and S shaped bodies before ultimately in normal organogenesis. We previously demonstrated forming the glomeruli and collecting ducts. The first that the archetypal inflammatory cytokine tumour glomeruli develop at approximately 9 weeks. In parallel necrosis factor-a ( TNF-a) is expressed in the murine with, and reciprocally dependent on mesenchymal metanephros, and exogenous TNF-a inhibits nephro-development, the ureteric bud branches sequentially to genesis and increases macrophage numbers in vitro form the collecting ducts and the urothelium of the (Cale et al., Int J Dev Biol 1998; 42: 663-674). The renal pelvis and ureter [1]. phenotype seen, with an arrest of ureteric bud branchDisruption in the expression of a number of genes ing and failure of mesenchymal to epithelial conver-in transgenic mice, including bcl-2, wnt-4 and bone sion, is similar to human renal dysplasia. morphogenic protein 7, results in a phenotype resemMethods and results. In normal human fetal kidneys bling human congenital renal dysplasia [2]. In this we demonstrated the presence of macrophages and condition there appears to be a developmental arrest T cells and also documented TNF receptor expression with severely abnormal renal architecture. This on ureteric bud derivatives. In contrast to normal includes the presence of dysplastic tubules surrounded tissues, TNF-a protein was detected in dysplastic kid-by collars of undifferentiated tissue of presumed mesenneys. This factor was also detected in the urine of chymal origin and abnormally developed glomeruli. fetuses with obstructive uropathy and TNF receptors Cystic changes and the presence of cartilage in these were expressed in dysplastic tubules. Furthermore, we tissues is also characteristic [1,2]. These pathological noted a fetal distribution of macrophages and T cells changes may occur in isolation or as part of a synin dysplastic tissues and persistent expression of the drome. There may also be associated obstruction of adhesion molecules neural cell adhesion molecule and the urinary tract secondary to abnormal development intercellular adhesion molecule.
Introduction
disproportionate increase in their numbers in vitro [3] .
We hypothesized that cytokines, produced by macroNephrogenesis commences at week 5 of gestation in phages or intrinsic metanephric cells, may disrupt the the human when the ureteric bud branches off the normal process of nephrogenesis and contribute to the Wolffian duct into an area of intermediate mesoderm, pathogenesis of renal dysplasia via their interactions the metanephric mesenchyme. The first event in mesen-with inflammatory cells, adhesion and other molecules. chymal conversion to epithelium is aggregation and In the present study we aimed to delineate normal patterns in the human metanephric kidney of macroCorrespondence and offprint requests to: Dr Catherine Cale, phages, T cells, the cytokine TNF-a and its receptors, Department of Clinical Immunology, Great Ormond Street Hospital and neural cell and intercellular adhesion molecules for Children NHS Trust, Great Ormond Street, London WC1N 3JH, UK.
(NCAM and ICAM-1). These results were compared © 2000 European Renal Association-European Dialysis and Transplant Association Inflammatory mediators in renal dysplasia 174 [814] [815] [816] [817] [818] [819] [820] [821] [822] [823] [824] [825] [826] [827] [828] [829] [830] and AAAGTAGACCTGCCCAGAC (nucleotides with expression patterns in fetal and postnatal dys-2556-2564) [8] . This gave expected product sizes of 699 and plastic kidneys. 666 . Primers for b-Actin were obtained from Clontech (Palo Alto, CA, USA).
Methods

Immunohistochemistry
All chemicals were obtained from the Sigma Chemical Company unless otherwise stated.
This was essentially performed as described elsewhere [5] . Sections were dewaxed in HistoClear (National Diagnostics,
Collection of samples
Atlanta, GA, USA) followed by rehydration in a graded alcohol series to water. Sections to be stained with antiThe local Ethical Committees approved all sample collection. TNF-a, ICAM-1, NCAM or CD3 antibodies were microEarly human fetuses were provided by the Medical Research waved in citric acid buffer (pH 6.0) for 10 min. All sections Council-funded Human Embryo Bank at the Institute of were then incubated in 3% hydrogen peroxide in PBS for Child Health, London, UK. Metanephric kidneys from six 15 min to quench endogenous peroxidase activity. Nonnormal fetuses aged from 5 to 14 weeks were used in the specific binding was blocked with 10% v/v fetal calf serum present study using collection methods previously described (FCS) in phosphate buffered saline (PBS ), and primary [5] and gestational age was determined by standard criteria antibodies were applied for 30 min at 37°C. Antibodies were from external morphology. Fetal kidneys for RNA and used against the following proteins. TNF-a (i) mouse monoprotein extraction were dissected as soon as possible after clonal which detected both membrane bound and circulating embryo collection and snap frozen. All other kidneys were protein (ImmunoKontact; Frankfurt, Germany) and (ii) examined and classified by a histopathologist, and all dys-Mab11 antibody affinity purified mouse (Pharmingen, San plastic kidneys were multicystic. Fetal normal (n=10) (17-38 Diego, USA). TNF receptor ( TNFR) 1 and TNFR2, affinity weeks gestation) and dysplastic (n=7) (19-37 weeks gesta-purified goat polyclonal (Santa Cruz, CA, USA) which tion) samples were obtained at post mortem. Of the dysplastic detected the membrane bound proteins. ICAM-1, goat polysamples obtained, two fetuses were documented as having clonal (R and D Systems, Abingdon, UK ). NCAM, mouse urethral obstruction, all had hypoplastic lungs and two monoclonal anti-CD56 (Biogenesis, Poole, UK ). This antifetuses had hydrocephalus. Kidneys from children who had body detected the 120 and 140 kDa forms of NCAM on died from sudden infant death syndrome and with no other western blotting in normal fetal renal tissue, and the higher demonstrable abnormality were used as postnatal normal molecular weight embryonic form in human embryonic spinal samples (n=7). Postnatal dysplastic samples (n=8) were cord (Cale CM, PhD Thesis 1998). CD68, expressed on collected at elective surgical removal from children aged mature tissue macrophages (mouse monoclonal, DAKO, from 4 to 24 months. Two of the eight kidneys were Uppsala, Sweden). Mac387, also known as L1 antigen or documented as obstructed, and none had any significant calprotectin, is expressed on macrophages and neutrophils extrarenal manifestation [5] . Samples of fetal urine were that have recently migrated into tissues and is down regulated residual volumes collected for diagnostic purposes from as cells mature (mouse monoclonal, DAKO) [9] . Neutrophil fetuses with obstructed urinary tracts [6 ] . Samples of the elastase, mouse monoclonal (DAKO) and the cytoplasmic bladder or renal pelvis of 13 cases with gestational ages from portion of the T cell receptor, CD3, affinity purified poly-13 to 30 weeks were collected by ultrasound-guided trans-clonal rabbit (DAKO). Specificity of TNF and TNFR1 and abdominal aspiration [6 ] . Urines were stored at −70°C 2 antibodies was confirmed by preabsorption with approprior to analysis.
priate recombinant peptides (Santa Cruz) for 2 h at room temperature; peptides were used at 10 times the concentration of the primary antibodies. Other controls included omission
Nested reverse transcription-polymerase chain reaction of primary antibodies. Primary antibodies were detected (RT-PCR) for TNF-a using a streptavidin biotin peroxidase system (DAKO) followed by colour reaction with diaminobenzidine. A further RNA was extracted from fetal kidneys using TRI-amplification step was included in the TNF-a reaction REAGENT (Molecular Research Center, Cincinnati, Ohio) (DAKO Catalysed Signal Amplification System). Sections according to the manufacturer's protocol. RNA (300 ng) were counterstained with methyl green or haematoxylin, was treated with DNAase I to degrade contaminating DNA. mounted in dextropropxyphene (BDH, Poole, UK ) and Reverse transcription was then performed as described else-examined on a Zeiss Axiophot microscope (Carl Zeiss, where [7] . cDNA was subjected to two rounds of PCR using Oberkochen, Germany). Three to five samples from each nested primers. The 25-ml PCR reaction consisted of cDNA group (fetal normal, postnatal normal, fetal dysplastic and (10 ml of the RT product used for the first reaction, 5 ml of postnatal dysplastic) were examined for each antibody used. the first reaction product used for the second reaction) Because of the scarcity of available tissues, not all antibodies 250 mm of dATP, dCTP, dTTP and dGTP, 1×NH 4 reaction were used in all tissue samples. buffer (Promega, London, UK ), 1.5 mM MgCl 2, 100 ng of each primer and 1.25 U Taq polymerase (Biopro, UK ). Thirty cycles of denaturation at 95°C, annealing at 49°C
Enzyme linked immunosorbant assay (ELISA) for
(first reaction) or 54°C (second reaction) and extension at 72°C were performed for each reaction. Sequences TNF-a of the first primer pair (5∞-3∞, with nucleotide numbers corresponding to the genomic sequence) were A sandwich ELISA for TNF-a in fetal urine was performed, as described elsewhere [3], using 4 mg/ml of TNF-a capture ATGAGCACTGAAAGCATG (nucleotides 796-813) and TACACAGGGCAATGATCCC (nucleotides 2565-2589), antibody and 200 ng/ml detection antibody (R and D Systems, Abingdon, UK ). and the second ATCCGGGACGTGGAGCTG (nucleotides C. Cale et al.
shown). TNFR1 was detected in developing glomeruli
Results in a distribution consistent with endothelial expression ( Figure 1A) . Urothelium in the forming renal pelvis The distribution of cells and patterns of protein expresand calyces expressed TNFR1 ( Figure 1C ), as did sion were studied during normal human nephrogenesis larger fetal collecting ducts ( Figure 1D ). In normal ('fetal') and in the postnatal period. This was then postnatal samples TNFR1 staining was only detected compared with expression patterns seen in sections at a lower level on glomerular endothelia and the walls from antenatal and postnatal dysplastic kidneys.
of larger arteries (data not shown). Staining patterns were described as being in different anatomical compartments. In normal tissues 'ureteric bud' and 'mesenchyme' included only structures within Dysplastic kidneys the nephrogenic zone, 'glomeruli' included the glomerBlood vessel walls expressed TNFR1 in both fetal and ular endothelium, and 'interstitium' described the loose postnatal dysplastic kidneys. TNFR1 expression was stroma deep to the nephrogenic zone and outside all noted in the rare fetal dysplastic glomeruli noted, but tubular, glomerular, vascular and nervous structures.
not in corresponding structures in postnatal samples. In dysplastic tissue, 'peri-tubular tissue' described the In antenatal dysplastic specimens, isolated TNFR1 collar of cells immediately surrounding dysplastic immunoreactive cells were scattered in the interstitium, tubules and all tissue lying outside this area which was but these were not detected in postnatal samples (data not nerves or vessels was described as 'interstitial'. 'Vessels' included lymphatics, veins, arteries and capil-not shown). laries. Cells were described as 'outside vessels' if they appeared to be separate from both the blood vessel TNFR2 lumen and wall, and 'within the vasculature' if they were associated with the blood vessel lumen or wall. Data is summarized in Table 1 .
Normal nephrogenesis
As with TNFR1, TNFR2 was expressed on the endo-
TNFR1
thelia of glomeruli and the urothelium at 9 and 14 weeks (data not shown). Individual cells within the Normal nephrogenesis mesangial area also expressed this molecule at these ages (data not shown). In parallel with TNFR1, expresNo TNFR1 immunoreactivity was detected in the nephrogenic zone at 9 or 14 weeks gestation (data not sion of TNFR2 was down regulated postnatally with Table 1 Summary of protein expression for the TNF-a axis and adhesion molecules
Ureteric bud' and 'mesenchyme' define tissues within the nephrogenic zone. 'Glomeruli' includes glomerular endothelium, 'mature epithelium' includes collecting ducts, urothelium of the renal pelvis and loops of Henle. 'Interstitium' defines the loose stromal tissue deep into or surrounding these tissues, and 'vessels' included staining in any layer of vessels outside glomeruli, including patterns consistent with endothelial staining. -no immunoreactivity; (+) weak immunoreactivity; + positive immunoreactivity. 
metanephros (data not shown). Positive cells were Dysplastic kidneys
TNFR2 was expressed more extensively than TNFR1 in dysplastic tissues. In fetal tissues dysplastic glomeruli, most endothelia and isolated cells in the interstitium expressed TNFR2 (data not shown). In addition, a punctate staining was noted in some dysplastic tubules ( Figure 1E) . A subset of cells in postnatal dysplastic tubules was strongly immunoreactive for TNFR2 ( Figure 1F ). Additional TNFR2 immunoreactive cells were noted in the postnatal dysplastic interstitium ( Figure 1G ) and endothelia of large vessels, and arterial walls in these samples expressed TNFR2 (data not shown).
TNF-a
Normal nephrogenesis
Using immunohistochemistry and two different antibodies to TNF-a, no protein was detected in normal fetal kidneys at 9, 10 or 14 weeks, or postnatally ( Table 1 and data not shown). However, using the very sensitive technique of nested RT-PCR, TNF-a mRNA was detected at 7.5, 9 and 15 weeks gestation (Figure 2A ).
Dysplastic kidneys
In fetal dysplastic tissues individual cells were noted in the interstitium that stained strongly for TNF-a ( Figure 2B ). Staining for CD68 in adjacent sections suggested that these cells were monocytes ( Figure 2C ). In addition, TNF-a was detected at low levels (5-19 pg/ml ) in the fetal urine of seven of the 13 samples from fetuses with renal abnormalities examined ( Figure 2D ). No positive staining for TNF-a was detected in postnatal dysplastic samples.
Recent macrophage and neutrophil infiltration
An antibody to LI was used to detect macrophages and neutrophils that had recently migrated into tissues. not detected within metanephroi at 5 or 9 weeks, but T cells at 13 weeks occasional glomeruli contained immunoreactive cells and others were noted in the nephrogenic Normal nephrogenesis cortex and interstitium (data not shown). High power At 9 weeks gestation, rare CD3 positive cells were views showed single large nuclei in these cells sug-noted in the loose connective tissue surrounding the gesting they were of a monocytic lineage (data not metanephros (data not shown). No cells were detected shown). As glomerular development proceeded, L1 in the body of the organ at 9 or 14 weeks. At 17 weeks expressing cells were noted within these structures positive cells were noted in the nephrogenic zone, often (data not shown). In postnatal kidneys the occasional adjacent to condensates ( Figure 3A) , within developing L1-expressing cells detected all appeared to be con-glomeruli ( Figure 3B ) and in deeper medullary blood tained within the renal vasculature or glomeruli (data vessels adjacent to tubules (data not shown). By 32 not shown).
weeks gestation, and in normal postnatal samples, all CD3 positive cells seen appeared to be within the lumen of glomerular or other blood vessels (data Dysplastic kidneys not shown). L1 positive cells were readily detected in fetal dysplastic kidneys ( Figure 3C-E) . Large clusters of cells were Dysplastic kidneys detected in the interstitium surrounding dysplastic CD3 positive T cells were detected in all fetal dysplastic tubules ( Figure 3C ) and adjacent to the occasional tissues examined. Although many cells were confined glomerular structures found in dysplastic organs to blood vessel lumens, an interstitial infiltrate was ( Figure 3D ). Clusters of immunoreactive cells were also noted. No T cells were detected outside the vasalso noted in areas containing multiple small, conculature in the postnatal dysplastic kidneys analysed densed nuclei. The latter were consistent with apoptotic (data not shown). cells ( Figure 3E ). L1 positive cells were also detected in a similar distribution in sections from postnatal dysplastic kidneys. However, staining of serial sections NCAM with antibodies to CD68, L1 and neutrophil elastase ( Figure 3F -H ) demonstrated that L1 positive cells in Normal nephrogenesis postnatal samples were neutrophils rather than the At 9 weeks gestation, NCAM protein was expressed macrophages seen in fetal samples (see below).
in the nephrogenic zone in condensed mesenchyme, with absent expression in ureteric bud derivatives and other epithelia ( Figure 4A ). Mesenchymal expression
Mature macrophages
decreased with renal maturation (data not shown). From 14 weeks additional staining was seen in neuroNormal nephrogenesis vascular bundles (data not shown). In postnatal kidneys, staining patterns were consistent with isolated CD68 positive cells were detected in a 5-week-old expression in nerves (data not shown). embryo adjacent to the metanephric mesenchyme. Between 9 and 22 weeks gestation CD68 positive Dysplastic kidneys macrophages were detected outside the vasculature in both the nephrogenic zone and medullary interstitium. Marked expression of NCAM was noted in cells As glomeruli developed, a significant proportion was surrounding the majority of fetal dysplastic tubules noted to contain one or more macrophage. Postnatally, ( Figure 4C ). Other staining in the interstitium was the frequency with which mature macrophages were consistent with staining of longitudinal or cross secdetected was considerably less and these cells were tions of nerves ( Table 1 and data not shown). This only detected within glomeruli and the vasculature pattern was conserved in postnatal dysplastic tissue (data not shown).
( Figure 4D ).
ICAM-1
Dysplastic kidneys CD68 cells were detected in all fetal dysplastic kidneys Throughout nephrogenesis and in postnatal life in both examined. These were mainly scattered in the inter-normal and dysplastic tissues, ICAM-1 expression was stitial tissues, apparently outside the lumen and wall detected in a distribution consistent with the endothelia of blood vessels. Two patterns of mature macrophages of the developing renal vasculature (data not shown). were seen in postnatal dysplastic tissues. In tissues with Expression on other structures is described below. less fibrosis and some preservation of structure, CD68 positive cells were detected scattered in interstitial areas Normal nephrogenesis with a distribution similar to the fetal samples. Very fibrous samples, however, contained no CD68 positive At 9 weeks gestation, ICAM-1 was apically expressed in branches of the ureteric bud ( Figure 5A ). From 13 macrophages (data not shown). weeks gestation and in postnatal samples, no staining expression of ICAM-1 and NCAM respectively and a persisting interstitial inflammatory cell infiltrate in was seen in mesenchymal or epithelial structures. dysplastic tissues.
Dysplastic kidneys TNF-a axis in normal renal development and dysplasia
Individual cells within the interstitium of fetal dysplastic kidneys were immunoreactive for ICAM-1 (data TNFR1 and 2 proteins were expressed in the normal not shown). ICAM-1 immunoreactivity was also human metanephros, and their distributions were condetected on the apical surface of both fetal and post-sistent with endothelial expression [7] . Strict temporal natal dysplastic tubules ( Figure 5C ). regulation of receptor expression was noted with down regulation in normal postnatal samples. In contrast to normal tissues, epithelial expression of TNFR2 was Discussion noted in fetal and postnatal dysplastic kidneys. This differential up-regulation of TNFR2 compared to TNFR1 is in keeping with the known rapid inducibility In the present study we demonstrated the expression of TNF-a mRNA and TNF receptor proteins in the of TNFR2 compared to TNFR1 [10] . TNF-a protein was not detected in normal metanephroi during developnormal human metanephros, documented the presence of macrophages and T cells in these tissues and ment. However, mRNA for TNF-a was detected, demonstrating that the developing kidney has the capacity described the expression patterns of the adhesion molecules NCAM and ICAM-1 during nephrogenesis. to produce TNF-a protein as has been documented in the murine metanephros [3] . As considerable regulation When data were compared to that generated from human dysplastic kidneys, where there is an apparent of TNF-a occurs at the post-transcriptional level [11], we cannot conclude from this data whether low levels arrest of normal renal development, we noted abnormal expression of TNF receptors, the presence of cells of TNF-a protein are present in the normal metanephros. TNF-a protein expression was detected in fetal expressing TNF-a protein in fetal dysplastic tissue and TNF-a in the urine of fetuses with obstructive uropa-dysplastic tissues. In addition, TNF-a protein was demonstrated in the urine of fetuses with obstructed urinary thy, and associated renal dysplasia. In addition we demonstrated distinctive epithelial and peritubular tracts and renal dysplasia. Although normal fetal urine controls are not available as fetal urine is not sampled metanephroi in vitro [3] . It is also chemotactic for from normal kidneys, these two results support our macrophages [17] and macrophage numbers increase hypothesis that fetal dysplastic kidneys are exposed to in murine metanephric cultures in the presence of TNF-a. Not only does TNF-a inhibit nephrogenesis TNF-a [3]. These cells phagocytose apoptotic cells in in vitro [3] but TNF-a mRNA is elevated in the the developing murine kidney [3] and it has been tubular cells of obstructed mature rat kidneys suggested that they may trigger cell death and therefore [12] . Furthermore, animal studies have demonstrated be an integral component of the normal development increased levels of TGFb in the urine of obstructed of other organs [18] . The distribution of inflammatory kidneys [13] , and TGFb, like TNF-a, inhibits renal cells in the developing human kidney has not previously development in animal models [14] . Renal obstruction been studied. The patterns of tissue infiltration of the has been shown in animal studies to contribute to the fetal kidney with macrophages reported here is consistpathogenesis of renal dysplasia [15] and may co-exist ent with that seen in mice [3, 4] and the timing of the with renal dysplasia in humans [1,2]. We suggest, there-renal macrophage and T cell infiltrate with what fore, that the TNF-a detected in the tissue and urine is known of the normal haematopoietic process in from fetal dysplastic kidneys may contribute to its humans [19] . We suggest that low levels of TNF-a in pathogenesis. Our observation of TNFR2 expression the normal metanephros act as a chemotactic signal on the developing urothelium is also of interest in this for these cells. The normal down regulation of TNFRs context. TNF-a in urine may act via these receptors on endothelia may result in decreased influx of these and affect the growth and development of the ureter and pelvi-ureteric junction. This molecule therefore pro-cells and hence the lower numbers and different distrivides a potential functional basis for the association bution of inflammatory cells with increasing renal between urinary tract obstruction and renal dysplasia maturity. Any dysregulation of TNF-a, as demonsuch as is seen in multicystic dysplastic kidneys with strated here, or other cytokine axes in renal dysplasia atretic ureters [1, 2] . may affect this pattern and result in the persistance of interstitial inflammatory cells noted in fetal renal dysInflammatory cells in normal renal development and plasia. The type of inflammatory cell infiltrate differed dysplasia between fetal and postnatal dysplastic samples: L1 positive cells were predominantly monocytic in fetal Increased amounts of apoptosis occur in human renal dysplasia [16 ] . TNF-a increases apoptosis in cultured tissue, while neutrophils were seen postnatally and T cells were seen in fetal but not postnatal samples. expression of ICAM-1 on dysplastic tubules may alter cell-cell adhesive properties and inhibit normal tubular Different cytokines are chemotactic for different inflammatory cells [20] and this data suggests that the morphogenesis. cytokines involved in fetal dysplasia may differ from those in post natal life. One possible trigger for this change is ascending urinary tract infection, which is Conclusions unlikely to occur in utero but may be a factor in infants and children. The functions of macrophages and other We have previously demonstrated the deleterious inflammatory cells in normal and abnormal renal devel-effects on murine metanephric development of TNFopment remains to be elucidated, although they may a, and have now documented abnormalities of expresinclude phagocytosis of dying cells and the production sion of this cytokine and its receptors along with of cytokines which may then contribute to the patho-inflammatory cells and adhesion molecules in renal logical process in these organs.
dysplasia. We suggest that these factors may interact and contribute to the pathogenesis of this disease. Adhesion molecules in normal and abnormal renal
